Abstract-Dual-mode cellular systems based on the EIA/TIA IS-54 standard offer the eventual prospect of carrying up to six digital calls in the same bandwidth as a single analog call [1] . During the transition from analog to digital service, however, the call-carrying capacity of such systems will be limited by the presence of existing analog users. In this situation, it is reasonable to ask if there are call-handling strategies that could increase the total traffic carried by providing preferential treatment to digital users. We consider four such strategies for maximizing the total traffic carried by a dual-mode cellular system. For two of these strategies, including the baseline "no-control" strategy, we develop closed-form solutions for carried traffic and other related service statistics. The closed-form solution for the no-control case is then extended to provide a tight upper bound on carried traffic for any control strategy. We also present a method for finding the optimal control strategy by applying linear programming (LP) techniques. The strategies are compared for various proportions of analog and digital users and offered traffic levels. The findings show that it is actually quite difficult to obtain gains using strategies that exploit the difference in spectral efficiency between analog and digital calls, even with formally optimal strategies. While this is an unexpected finding, we feel the conclusion has been well validated and is now understood and explained in the paper.
I. INTRODUCTION
T HE DEMAND for mobile communications, particularly cellular services, has been increasing rapidly. In the United States, for example, the number of cellular subscribers is growing at an annual rate of 36% [2] . In response to increased demand, service providers are either deploying or planning to deploy digital cellular systems to increase capacity and relieve congestion. One of the competing standards for digital cellular is the EIA/TIA IS-54 standard [1] . The IS-54 standard is based on time-division-multiple access (TDMA) and currently supports three digital calls per radio frequency (RF) channel using full-rate vocoders operating at 7.95 kb/s. The standard was also designed to accommodate half-rate vocoders, which-when available-will permit up to six users per RF channel.
Since the IS-54 standard uses the same RF channel spacing as the existing AMPS cellular standard, several manufacturers have developed dual-mode base stations that operate in either AMPS or IS-54 modes on a call-by-call basis. These dual-mode base stations offer a smooth transition from analog to digital service by allowing existing analog and new digital users to coexist on the same system. During the transition from analog to digital service, however, the call-carrying capacity of dual-mode systems will be limited by the presence of analog calls, which require three times the bandwidth as their digital counterparts. The greater the proportion of analog traffic, the lower the callcarrying capacity of the system. In this situation, it is reasonable to ask if there are call-handling strategies which-through slight discrimination against analog calls-could increase the total traffic carried by permitting proportionally more digital calls to be handled for each artificially blocked analog call. For instance, if there is only one idle channel left when an analog call arrives, should one admit the analog call? If the call is admitted, the system will enter the congested state and block all subsequent arrivals (analog and digital) until another call departs from the system. On the other hand, if the analog call is rejected, the last free channel remains available to carry potentially more than one digital call, thus possibly increasing total user traffic carried and revenue generated.
Several control strategies for dual-mode cellular systems have been proposed based on this idea [3] , [4] . Kakaes [3] introduces two such strategies. One strategy is a strict allocation strategy that divides the RF channels into separate analog and digital groups. The other strategy, usually referred to as a cutoff priority [4] , [5] or guard channel strategy [6] , reserves some number of channels for the exclusive use of digital calls. These two strategies were compared in terms of the overall grade of service (GoS) or probability of blocking relative to the baseline "no-control" strategy. The no-control strategy gives analog and digital calls equal access to the entire pool of channels without restriction. The results show that at high levels of blocking, the allocation and dynamic control strategies reduced the overall probability of blocking, thereby maximizing total carried traffic relative to the no-control strategy.
Tcha et al. [4] propose a similar threshold type strategy that places a limit on the number of analog calls that are simultaneously served by the system. We refer to this as a call-limiting strategy. The authors develop closed-form solutions for the probability of blocking for analog and digital calls. They also introduce algorithms for finding the minimum number of channels required to satisfy a given GoS criteria for both call types and for finding the optimal analog channel limit. Algorithms are provided for both single and multicell systems.
To date, however, there has been no systematic study of the comparative performance of these proposed control strategies. Thus, one of the main objectives of this paper is to characterize the relative performance and advantages of these control 0018-9545/00$10.00 © 2000 IEEE strategy options. The second objective was to investigate other potential control strategies for maximizing carried traffic.
The remainder of the paper is organized as follows. In Section II, we develop a Markov chain representation for modeling a dual-mode system. In Section III, we define the four control strategies considered in this paper. For two of the strategies, we give the closed-form expressions for the probability of blocking and total carried traffic. Based on these expressions, we present a tight upper bound on the traffic carried for any possible control strategy. We also introduce a linear programming (LP) formulation of the problem that finds the optimal control strategy for this problem. In Section IV, we present the results of a comparison between the different control strategies, followed by a summary of the findings and an interpretation of the results in Section V.
II. SYSTEM REPRESENTATION
In cellular systems, the geographical area to be covered is divided into cells and RF channels are allocated to individual cells from a common pool of channels. Throughout this paper we assume that each cell is assigned a fixed number of RF channels. We also assume that analog and digital calls are generated by independent Poisson processes [7] and that blocked calls are cleared from the system. The average arrival rates for analog and digital calls are denoted by and respectively. The call holding times for analog and digital calls are assumed to be exponentially distributed with the same mean. At each cell, analog and digital call attempts arise from new calls originating from within the cell's coverage area and from call handoff attempts from neighboring cells. Although the probability density function for channel holding time depends on cell size and subscriber mobility, Hong and Rappaport [8] have shown that the average holding time can be closely approximated by a negative exponential distribution with mean , where is the average call service rate. This means that comparative insights about competing call control strategies can be obtained by considering a single cell in isolation, thereby avoiding the complexity of modeling intercell handoffs in a multicell system. Last, we assume that digital calls are repacked, as required, to minimize the number of RF channels in use. In practice, digital call repacking is only necessary when an analog call arrives and cannot be served because all RF channels are busy (assuming the existing digital calls are not already efficiently packed). That is, as long as an idle channel is available, an analog call can be served immediately without rearranging existing digital calls. Therefore, the requirement for repacking should occur relatively infrequently under normal traffic conditions. When repacking is required, it can be accomplished using intracell handoffs.
If the system is in statistical equilibrium, it can be modeled as a two-dimensional (2-D) Markov chain (or state transition diagram), as shown in Fig. 1 . In Fig. 1 , the system states are represented by circles which are labeled where is the number of analog calls in service and is the number of digital calls in service. Transitions from one state to another occur when a single call arrives or departs from the system and are represented in Fig. 1 by directed arcs between states. Since the probability of more than one arrival or departure occurring at the same infinitesimal is zero [9] , transitions occur only between adjacent states. The proportion of time that the system spends in state is denoted by Since call arrivals are independent of the system state, the average arrival rate at state is for analog calls and for digital calls. Or in other words, the average rate of transition from state to state is and the average rate of transition from state to state is The average number of calls leaving the system is directly proportional to the call service rate, , and the number of calls currently in the system. Therefore, the average rate of transition from state to state is and the average rate of transition from state to state is If we apply the principle of conservation of flow at statistical equilibrium we get the following general relationship between all states:
(1) Equation (1) simply ensures that the rate of transitions out of state must equal the rate of transitions into state The set of these equations for all states in the Markov chain is commonly referred to as global balance equations. The global balance equations for states lying on the boundary of the state transition diagram are modified to reflect the absence of adjacent states and their associated transitions. In addition, the state probabilities must satisfy the normalization equation (2) where is the set of all valid system states for a given system and control strategy. In general, the state probabilities can be found by writing the global balance equations for all states and solving them using numerical methods. It can be shown, however, that a closed-form solution to this problem exists when the Markov chain is time reversible, i.e., it is statistically identical when looked at in forward or reverse time [9] . In chains for which this property holds, the frequency of transitions between two adjacent states must be the same in both directions if the system is in statistical equilibrium. As a result, the following detailed balance equations can be written for all pairs of adjacent states:
Using recursion, the closed-form (or product-form) expression for the state probabilities is (5) where (6) from the normalization requirement. It is easy to verify that (5) satisfies the original global balance equations by substituting it into (1). The probability of blocking for analog and digital calls are denoted by and , respectively, and are given by (7) (8) where is the subset of states in which analog call attempts are blocked and is the subset of states in which digital call attempts are blocked. The overall traffic carried by the system, , is
III. CONTROL STRATEGIES In this section, we define the four control strategies that we considered herein. These are the no-control, call-limiting, guard channel, and optimal control strategies. Two other control strategies were investigated in [10] and [11] , but for brevity are not reported here. They represent intermediate steps that lead to the development of an optimal control strategy. Comparative results for these strategies are presented later in Section IV.
A. No Control
A no-control strategy is one in which analog and digital calls have equal access to the entire pool of RF channels. Under this strategy, there are no restrictions on channel access other than the physical limit imposed by the number of channels equipped at the site. The number of analog and digital calls that can be simultaneously served by the system is constrained by (10) where is the number of digital calls per RF channel and is the number of RF channels allocated to the cell. A Markov chain for the no-control strategy is shown in Fig. 2 for a system with and It can be shown that the Markov chain for the no-control strategy is time reversible and the product-form solution for the state probabilities (5) holds for all states [4] . The set of system states and the subset of analog and digital blocking states for this strategy are 
This upper bound gives a limit to the maximum possible increase in carried traffic for any control strategy and will be directly relevant to the overall outcome and conclusions regarding all strategies.
B. Call Limiting
The call-limiting strategy provides preferential treatment for digital calls by placing a limit on the number of analog calls that will be simultaneously served by the system. When the number of analog calls in the system is and at least one RF channel is idle, a further analog call attempt will be served immediately. Otherwise, a further analog call attempt will be blocked. The Markov chain for this control strategy is shown in Fig. 3 for the case where and It can be shown that the Markov chain for this strategy is also time reversible and the product-form solution for the state probabilities holds [4] . The set of valid system states and the subset of analog and digital blocking states for this strategy are 
C. Guard Channel
The guard channel strategy provides preferential treatment for digital calls by reserving some number of idle RF channels, for the exclusive use of digital calls. Under this control strategy, when the number of idle RF channels a further analog call attempt will be served immediately. Otherwise, when a further analog call attempt will be blocked. A Markov chain for this control strategy is shown in Fig. 4 for a system with and As indicated in this figure, the forward and reverse transitions between adjacent states are not always equal in both directions. That is, a downward transition (analog departure) from state to state is always permissible even if the corresponding upward transition from state to state is absent, i.e., when analog arrivals are blocked. As a result, the detailed balance equations and the product-form solution does not hold for this strategy. Therefore, numerical analysis or simulation must be used to obtain the state probabilities and other service statistics.
The set of system states and the subset of analog and digital blocking states for this strategy are 
D. Optimal Control
In this section, we introduce a technique for finding the optimal control strategy using a linear programming (LP) formulation of the problem. The use of linear programming for finding optimal policies for Markov decision processes is discussed in detail in [12] . The following formulation is based on the observation that the call-limiting and guard channel control strategies use an "all or nothing" decision criteria for discriminating against analog calls. That is, at each system state either all or none of the analog call arrivals are blocked. An alternative operating policy would be to block some fraction of analog arrivals at each system state. Notionally, when only a few channels are in use the fraction of analog calls that are artificially blocked should be low because the probability of subsequent calls being hard blocked is also low. As the number of idle channels decreases, the fraction of analog calls blocked should increase to keep the remaining channels available for digital calls, which make better use of the limited channel resources. While the general shape of the artificial analog blocking field can be surmised from these arguments, what we are really interested in finding is the optimal values of that maximize the total traffic carried To solve this problem, we constructed a linear programming model of the system. The problem formulation is Maximize:
Subject to:
where is the artificial analog blocking rate and
The objective function (21) is to maximize the traffic carried subject to constraints (22)-(24). Constraint set (22) ensures that the global balance equations hold for all system states, except for state
The global balance equation for state is omitted to avoid overspecifying the system of linear equations. Note that constraint set (22) is shown in general form and is modified at the boundaries of the Markov chain to reflect the absence of adjacent states and their associated transitions. Constraint set (23) ensures that the rate at which analog calls are blocked at state does not exceed the analog arrival rate at that state. Finally, constraint (24) satisfies the normalization requirement.
IV. EXPERIMENTAL DESIGN
For comparison purposes, we evaluated the performance of all four control strategies for a dual-mode system with 20 RF channels, each equipped with half-rate vocoders (i.e., six digital calls/RF channel). Half-rate vocoders were selected initially as we expected that this condition would show a greater propensity for increases in carried traffic due to these strategies. Subsequent tests revealed, however, that the percentage increase in carried traffic is roughly the same for half-rate and full-rate vocoders when evaluated under equivalent traffic loading conditions (i.e., for the same initial probability of blocking). Each strategy was tested at four different offered traffic intensities and Erlangs). At each traffic intensity, the proportion of digital users was varied from 0.1 to 0.9 (in 0.1 increments).
The no-control and call-limiting strategies were solved exactly using the product-form solutions. For the guard channel strategy, exact solutions were obtained using numerical analysis. Both the guard channel and call-limiting strategies were optimized for each combination of and by finding the value of and respectively, that maximized total carried traffic. Results for the optimal control strategy were obtained using the CPLEX linear optimizer, a commercial linear optimization programming package [13] .
V. RESULTS

A. No Control
The probability of blocking for the no-control strategy is shown in Figs. 5 and 6. Fig. 5 illustrates the substantial difference in the probability of blocking between analog calls and digital calls. Across the entire range of , the probability of blocking analog calls is roughly an order of magnitude higher than the probability of blocking for digital calls. The equivalent probability of blocking curves for the active control strategies (not shown) is very similar in nature, except the difference between analog and digital blocking is even more pronounced.
In Fig. 6 , the overall probability of blocking is shown for all four traffic intensities. As expected, the probability of blocking at small is high because the majority of the offered traffic is analog. As the proportion of digital traffic increases, the probability of blocking decreases because the effective server pool becomes larger. As a result, the total traffic carried increases as increases (see Fig. 7 ). In Fig. 8 , the upper bound in carried traffic at
Erlangs is shown as a percentage increase relative to the no-control case. According to this figure, the maximum possible increase in traffic carried for any control strategy is only 6%.
B. Active Control Strategies
Overall, the results show that the active control strategies realize only marginal increases in the total traffic carried relative to the no-control case. The percentage increase in carried traffic for each control strategy is shown as a function of in Figs. 9-12. Fig. 9 shows that at Erlangs, none of the active control strategies provides an increase in carried traffic. In fact, all of the active control strategies revert to the no-control strategy when optimized for Erlangs. That is, when the active control strategies are optimized for each value of , their respective control parameters take on values that are equivalent to the no-control strategy. For example, the optimal number of channels to reserve under the guard channel strategy is zero (i.e., no control). Hence, the carried traffic for the active control strategies is the same as the no-control case. The guard channel strategy also reverts to the no-control strategy at
Erlangs for all values of (Fig. 10) . The call-limiting and optimal control strategies do realize small increases in carried traffic at Erlangs. For example, at , the optimal control strategy provides an increase in carried traffic of 0.5%. This is equivalent to carrying roughly 3 additional calls per hour, assuming an average holding time of 120 s. This increase occurs, however, at an overall probability of blocking of almost 18%.
Only under very heavy loading do the active control strategies begin to show modest increases in carried traffic. For example, at Erlangs and , the optimal control strategy provides an increase in carried traffic of 3.4% (Fig. 12) . But once again, this increase occurs at an overall probability of blocking of 23%. This is well beyond typical design targets for blocking, which are generally in the vicinity of 2% [14] . Comparing control strategies, we see that the optimal control strategy consistently provides the highest level of carried traffic for all combinations of and . The call-limiting strategy provides increases in carried traffic in those cases where Erlangs and the guard channel strategy offers noticeable increases only at Erlangs. Although the LP formulation for the optimal control strategy allows for a fraction of analog calls to be blocked at each system state, the optimal blocking factors are observed to take on only binary values (i.e., zero or one). As a result, analog call arrivals at each system state are either totally admitted or totally rejected. This is an interesting finding in itself because implementation of switch-like control thresholds would be much easier than a fractional blocking field. A portion of the Markov chain for the optimal control strategy is shown in Fig. 13 (14, 30) ] are also located directly below hard digital blocking states where As the traffic intensity increases, the remaining analog blocking factors located directly below digital blocking states [i.e., states (13, 36) , (12, 42) , (1, 54) ] switch from zero to one, in order, from left to right. As the traffic intensity continues to increase, the same pattern of switching occurs from left to right again blocking analog flows to system states where only one digital call can be served and so on until all of the analog traffic is blocked.
In terms of execution speed, the CPLEX linear optimizer typically solved the LP problem for the optimal control strategy in 2-3 min on an DEC Alpha Series workstation. The execution time of the LP model can be reduced substantially by using the "basis" of a previous iteration as a starting point for the current iteration. This is a practical consideration for implementation of an LP model in real time where the optimal control strategy would be adapted to constantly changing conditions. Note that this formulation produces a field of analog blocking factors that are optimum for a given and . However, these artificial blocking factors could be computed in advance and stored directly for operational use or approximated by interpolating functions.
VI. CONCLUSION
The results clearly show that active call control strategies provide surprisingly small gains (typically under 4%) in total traffic carried under reasonable traffic loading conditions. This finding is contrary to our initial expectation that by giving preferential treatment to digital calls we could substantially increase the total traffic carried by a mixed analog/digital cellular system. However, we now have the following insights into why active control strategies do not provide the desired effect. First, the active control strategies generally begin to take effect only when the number of free channels in the system is almost exhausted: a condition that occurs relatively infrequently even at higher levels of offered traffic. Consequently, the potential gain of any control strategy is limited because only a relatively small fraction of the total traffic offered can possibly benefit from the strategy. Second, giving digital calls preferential treatment tends to be ineffectual because digital calls already experience a much lower probability of blocking than analog calls. As the percentage of digital calls increases the effective server size of the system inherently increases, strongly reducing digital call blocking in the first place.
In light of the above, the main contribution of the work has been in identifying and explaining the inherent limitations of using active control strategies to maximize the traffic carried by a dual-mode cellular system. If anything, the findings should allow others to avoid pursuing the same apparently compelling idea for enhancing carried traffic in a mixed analog/digital environment.
